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1. Introduction
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New multicomponent catalysts for the selective
aerobic oxidative condensation of benzylamine to N-
benzylidenbenzilimine

C.M. Opri*s,“ O.D. Pavel,” A. Moragues,b J. El Haskourib,* D. Beltran,” P.
Amorés,”” M.D. Marcos,’ L.E. Stoflea,® V.1. Parvulescu,”

Aerobic oxidative condensation of benzylamine to N-benzylidenbenzilamine was carried out
on new gold-based catalysts using as supports bimodal UVM-7-like mesoporous silica,
containing Ni and Ce (or Sn) as oxide nanodomains partially embedded inside the mesoporous
UVM-7 silica walls. These nano-domains acted as effective and stable inorganic anchors
favoring the nucleation, growth and stability of supported gold particles. Following the Atrane
method (a “one pot” strategy able to harmonize the hydrolytic reactivity of different
heteroelements through the use of complexes containing triethanolamine derived ligands
(atranes) as precursors the stability of the oxide nanodomains during oxidation and thermal
treatments was ensured. The catalysts were prepared in a two-step synthesis in which gold was
incorporated through impregnation of previously synthesized bimodal porous silicas containing
different heteroelements trapped by the silica mesostructure. The versatility of the preparative
approach allowed high surface and accessibility of the mesoporous silica and also an easy and
homogeneous inclusion of heteroelements in one pot. Aerobic oxidative condensation of
benzylamine on these catalysts occurred selectively only with the formation of N-
benzylidenbenzylamine. While the selectivity was total, the productivities (molp;oquct o' B
varied in a large range as a function of the catalyst composition (chemical composition and
atomic ratios of the constitutive support elements). The catalytic behavior was merely
controlled by the size of the gold particles, but the support is also exerting an influence. The
best results were obtained on the mesoporous Au/Ceg-Nijp-UVM-7 catalyst having a
0.97(wt.%) gold content (in the form of nanoparticles of ca. 4 nm) and preserving a relatively
high surface (566 m*/g) and pore volume (0.91 cm?/g). The comparison with the individual or
bicomponent catalysts led to the conclusion of a cooperative interaction between the catalysts
components. However, gold itself exhibits a higher activity than the promoters or co-catalysts
(ie phases containing Ni or/and Ce).

complex procedures, long reaction time, high temperature and use of
aromatic solvents '© led to the development of catalytic systems

Catalytic selective oxidation of benzylamine to corresponding
imine is an important reaction in organic chemistry since the product
of reaction is a valuable intermediate in organic synthesis. ' Imines,
due to their reactivity, have multiple applications® * as building
blocks for the manufacture of fine chemicals, phalrmaceutics,4
agrochemicals, dyes, polymers,’ lipoxygenase inhibitors, anti-
inflammatory and anti-cancer agents. 6 They can undergo a large
variety of transformations including hydrogenations, cycloadditions
and nucleophilic additions. ’

Traditionally, aerobic oxidative condensation of benzylamines to
imines is performed using stoichiometric amounts of oxidants®° or
by condensation of carbonyl compound with amines in the presence
of a Lewis acid catalyst: TiCly, Al,03, MgSOy,, K-10.° Due to recent
considerations of environmental issues, the use of stoichiometric
reagent is undesirable.’ In addition, some disadvantages such as

This journal is © The Royal Society of Chemistry 2013

which use as oxidants organic and inorganic peroxides.'' A green
alternative is the use of oxygen as final oxidant. Unfortunately, the
reactivity of molecular oxygen is difficult to be controlled, and as a
consequence, the selectivity of the reaction is rather low.* Aerobic
oxidative condensation of benzylamine leads to a Schiff base
through the oxidative dehydrogenation of primary amine and,
consequently, to the condensation with a second molecule of
unreacted amine.'? This reaction takes place in presence of various
catalysts, such as: Au/Ce0,,"” Aw/TiO,, Au/C, Auw/Al,04," Pd/TiO,,
PY/TiO,,” ©* CuCl, CuCl,,'* gold powder,17 rhodium complexes,6 Au,
Au-Pd and Pd supported on porous steel fiber matrices,® doped
polyaniline emeraldine salt.'"® Results for this reaction conducted
under ultrasound irradiation in the presence of solid supported
catalysts (clay, silica or resin)19 or under photochemical irradiation
with the use of molecular oxygen in the presence of acridinium
salts,” mesoporous graphite carbon nitride,?! or TiO, as
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photocatalysts were reported as well. In addition, working under
microwave irradiation allows the free-solvent synthesis of imines,
but this method is limited to few compounds. Moreover, it uses
magnesium perchlorate as catalyst, which is known for its potential
explosive character.'® Recent advances on the aerobic oxidation of
amines have been discussed in several review papers including
results achieved by using gold-based catalysts.”* ** The relevance of
these nano-gold catalysts in fine chemical synthesis has been also
reviewed.**

Supported gold nanoparticles were reported to exhibit high
activity in the selective aerobic oxidative condensation of
benzylamines to N-benzylidenbenzilamine. Obviously, using gold as
catalyst, in addition to the particle size (typically less than 5 nm
large, the gold catalyst efficiency increased exponentially as the
average gold particle size decreased),” ' ' ' 22 the nature of
support is very important.” % ?! Indeed, a series of supports such
as reducible Co;04, ZnO, TiO,, Fe,03, and nanocrystalline Ce,04
reducible oxides but also carbons have been indicated as being
adequate for preparing highly active gold supported catalysts, while
others such as non-reducible SiO, and Al,O; oxides were reported as
less efficient.?® In a recent paper Wachs and Routray indicated NiO
as exhibiting surface active sites and reactivity in oxidation reactions
close to ceria.’ In another recent report, the peculiar influence of a
NiO support was studied by preparing supported gold catalysts
where Au nanoparticles showed high activity for the selective
oxidation of glycerol and ethane-1,2-diol. A detailed characterization
of the resulting Au catalysts revealed a preferential deposition of the
metal nanoparticles on the NiO phase.*® On the other side Au/Ni,Os
was indicated as an efficient catalyst for low-temperature gas-phase
oxidation of alcohols.* Au supported on tin oxides also showed
interesting oxidation properties. Gold-supported tin dioxide
nanocatalysts are active for low-temperature CO oxidation,>> while
gold nanoparticle doped hollow SnO, super-symmetric
nanostructures demonstrated improved photocatalytic properties.*

Taking into account the state of the art (ie, the role of size of gold
nano-particles in this reaction and of reducible nano-oxide supports
and of NiO in selective oxidations) herein we propose new materials
for aerobic oxidative condensation of benzylamine to N-
benzylidenbenzilamine (Scheme 1) able to achieve high conversions
and selectivities in a very short range of time. The new gold-based
catalysts considered a more complex support. In this work we
prepared Ni, Ce (or Sn) as oxide nanodomains partially embedded
inside the mesoporous UVM-7 silica walls as effective and stable
inorganic anchors favoring the nucleation, growth and stability of
supported gold particles. Following the Atrane method (a “one pot”
strategy able to harmonize the hydrolytic reactivity of different
inorganic precursors)’’ the stability of the oxide nanodomains during
oxidation and thermal treatments was ensured. After the deposition
of gold using the deposition/precipitation procedure nano-gold
particles in direct interaction with the Ni, Ce (or Sn) oxide
nanodomains were generated. The versatility of the preparative
approach used allows us to exploit both the high surface and
accessibility of the mesoporous silica and also an easy and
homogeneous inclusion of heteroelements in one pot.

NH catalysts
2@/\ 2 41200 —W>©/\N//\© +NH3 + H20
MeOH

Scheme 1. Aerobic oxidative condensation of benzylamine to N-

benzylidenbenzilimine.
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2. Experimental details

2.1. Catalysts preparation

All the synthesis reagents are analytically pure, and were used as
received from Aldrich: tetraethyl orthosilicate [TEOS], nickel
nitrate, cerium and tin chlorides, triethanolamine [hereinafter TEA],
cetyltrimethylammonium bromide [CTABr] and HAuCl,; 3H,0.

All the catalysts were prepared in a two-step synthesis in which
gold was incorporated through impregnation of previously
synthesized bimodal porous silicas containing different
heteroelements. In order to analyze the effect of the different species
included inside the pore walls, we have prepared materials
containing (in addition to Si) only Ni (Ni,-UVM-7 materials), Ni and
Ce (Cey-Ni,-UVM-7) and Ni and Sn (Sn-Ni,-UVM-7). The
heteroelement incorporation inside the silica walls was carried out
using the Atrane method.?” This one-pot method is based on the use
of complexes (detected through mass-spectral analysis) that include
TEA-related ligand species (i.e., ‘atranes’” of Si, Ni, Ce and Sn in
the present case) as hydrolytic inorganic precursors and surfactant
micelles as templating agents able to generate mesopores after its
evolution. In all cases the use of TEA plays a double role: as ligand
to form the atranes and as buffer agent to stabilize the pH around 9-
10, favoring the isolation of a bimodal nanoparticulated rich silica
support.®® 3% A typical synthesis leading to support Ce;y-Ni;-UVM-
7 (see Table 1) can be described as follows: (1) a mixture of TEOS
(11 mL, 0.045 mol), CeCl; (1.84 gr, 4.94.10° mol) and
Ni(NO;)'5H,0 (1.43 gr, 4.94.10° mol) was slowly added to liquid
TEA (23 mL, 0.17 mol), and heated at 150 °C for 10 min to give a
mixture of atrane complexes. After cooling of the previous solution
to 90 °C, CTABr (4.77 g, 0.014 mol) was added and dissolved. This
last solution containing the atrane complexes and the template was
cooled to 60 °C and mixed with water (80 mL, 4.44 mol). After a
few seconds, a white powder appeared and it was allowed to age at
room temperature for 4 h. The final mesostructured powder was
filtered off, washed with water and ethanol, and air-dried. Finally,
surfactant removal was accomplished through calcination at 550 °C
(ramp heating: 1 degree/min) for 7 h. In all cases, the molar ratio of
the reagents in the mother liquor was adjusted to 2 Si: @ Ni: b Ce or
Sn: 7 TEA: 0.52 CTABr: 180 H,O (where a = 0.033, 0.066 and 0.2,
and b= 0 for samples Ni,-UVM-7; a = 0.2, and b = 0.033, 0.066 and
0.2 for samples denoted as Ce(Sn),Nij;-UVM-7). Samples are
denoted as Ce(Sn),-Ni,-UVM-7, where x and y are the Si/Ni and
Si/Ce(Sn) nominal atomic ratios, respectively. Regardless of the
nature and composition of the support, the gold incorporation was
carried out by the same procedure.

Gold was incorporated through deposition-precipitation in
aqueous HAuCl,3H,O solutions.* The porous supports (1 g) were
suspended in an aqueous solution (10 mL) of HAuCl;3H,0 (2%).
The pH was adjusted to 8-9 with an aqueous NaOH solution and was
then aged for 1 h under stirring at 75°C. In fact, at the working pH,
Au(OH), species are dominant.*"" > The low isoelectric point of the
silica surface (ca. 2-3) hinders the interaction with anionic species.
Au(OH)4 complexes require a positively charged surface provided
by NiO, and CeO, anchoring nanodomains having zpc values in the
9.9-11.3 and 6.7-8.6 ranges, respectively. As occurs for the silica
surface, no anchoring effects are expected for the SnO, domains
taking into account its relatively low zpc value (4.5-5). Then, Au
complexes will interact in a preferred way on the NiO, nanodomains
embedded inside the mesopore walls instead of on the silica surface
and to a lesser extent on the CeO, particles. The resulting
homogeneity and dispersion of gold particles will reflect the
achieved for NiO, anchors.

This journal is © The Royal Society of Chemistry 2012
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The solids were filtered and exhaustively washed with water to
favor evolution of the adsorbed CI” species, which usually leads to
catalysts poisoning. Finally, the solid was dried at 80°C overnight
and calcined at two different temperatures, 200 or 500°C, for 1h in
static air in order to favor the reduction of the Au-complexes and the
formation of gold nanoparticles.

In this way, three families of gold catalysts were obtained:
Au/Nij-UVM-7(T), Au/Ce-Ni;-UVM-7(T) and Au/Sn,-Ni;o-
UVM-7(T) (T= 200, 500°C). Table 1 summarizes the main synthesis
variables and physical data. XPS analysis indicated no residual
chlorine in the prepared catalysts.

For comparison, we synthesized two additional gold containing
catalysts by impregnation of silica UVM-7 and commercial CeO,
with a HAuCl;3H,0 solution following the strategy described in the
bibliography.* ** The loading of gold in these catalysts was of the
same order with that in the multicomponent catalysts, ie 1.25 wt %
and 1.19 wt%, respectively.

2.2. Catalysts characterization

Chemical analysis of the samples was carried out using
electron probe microanalysis (EPMA, Philips SEM-515
instrument) and ICP-OES analysis (Agilent 710 Series ICP-
OES). Powder X-ray diffraction patterns were recorded with a
Seifert 3000TT 6-0 diffractometer using CuKo radiation.
Patterns were collected in steps of 0.02° (20) over the angular
ranges 1°-10° (20) or 10°-80° (20) for 25 s per step. The TEM
and HRTEM microstructural characterizations were carried out
using a JEOL JEM-1010 instrument operating at 100 kV and
equipped with a CCD camera and a Tecnai G*F20(FI)
instrument, respectively. STEM-HAADF images were acquired
on a JEOL-2100F microscope, and particle size distributions
were determined from a total number of gold particles counted
in the 300-400 range. The N, adsorption—desorption isotherms
were recorded at —196 °C using a Micromeritics ASAP2020
automated instrument. Calcined samples were degassed for 15
h at 130 °C and 10°® Torr before analysis. Surface areas were
estimated according to the BET model, and pore size
dimensions were calculated using the BJH method. XPS spectra
for both fresh and tested catalysts were recorded at room
temperature using a SSX-100 spectrometer, Model 206 from
Surface Science Instrument. The pressure in the analysis
chamber during the analysis was 1.33 mPa. Monochromatized
Al-K[J radiation (h[J = 1486.6 eV) generated by bombarding
the Al anode with an electron gun operated with a beam current
of 12 mA and acceleration voltage of 10 kV has been used. The
spectrometer energy scale was calibrated using the Au 4f;,
peak centered at 83.98 eV. Charge correction was made with
the Cy, signal of adventitious carbon (C — C or C — H bonds)
located at 284.8 eV. The atomic surface compositions were
calculated using the sensitivity factors provided with the
apparatus software, applied to the surface below the
corresponding fitted XPS signals. An estimated error of £+ 0.1
eV can be assumed for all measurements. The zeta potential of
selected samples was measured at 25 °C using dynamic light
scattering (Malvern Zetasizer Nano ZS instrument).

2.3. Catalytic tests

The catalytic activity tests were performed under batch
conditions in the range of temperatures 75°C - 115°C.
Experiments were performed in a 100 mL stainless steel
autoclave provided with a magnetic stirrer, using an amount of
18.2 mmoles benzylamine (Sigma-Aldrich), and 0.12 moles
methanol (Sigma-Aldrich), as solvent and a pressure of 5 bar

This journal is © The Royal Society of Chemistry 2012
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O, (Linde). Note that in the presence of an ignition source, such
as a spark or flame, there is a risk of explosion! Extreme
precaution is necessary to avoid this danger. The amount of the
catalyst introduced in the reaction corresponded to 2x107° moles
heteroelement (Ni, Ce, Sn). Diffusion constraints were checked
with catalysts with particles size between 170 and 400 [Jm and
modifying the stirring rate in the range 0-1400 rpm. Particles
size of 200 [Im and a stirring rate of 1200 rpm eliminated any
diffusional effects as it has been proved from the variation of
the conversion. After 0.5-5 hours reaction time the autoclave
was cooled and the catalyst separated by filtration. The liquid
sample was analyzed by GC-MS using a Trace GC 2000
coupled with DSQ MS from Thermo Electron Corporation
equipped with FID detector, a capillary column with DBS5
stationary phase (30m length and 0.324 mm diameter), and
highly pure N, (99.999%) as carrier gas. Ammonia resulted as
by-product has been analyzed using a Dionex ICS3000 ion-
chromatograph from Thermo equipped with a medium
hydrophobic Dionex Ionpac CS18 analytical column using a 4
mM isocratic methanesulfonic acid eluent at a flow rate of 0.25
mL/min. The reproducibility of the results was carefully
checked using the above analytic tools.

The performances of the catalysts were compared based on
the conversion of the benzylamine and the selectivity to N-
benzylidenbenzilamine. Since the reaction occurs with different
rates on all the individual components the calculation of TOF
for the multicomponent catalysts will change its meaning
because the calculated value will correspond to a mean average
value on all these components. Thus, to avoid any
misinterpretations of the activity we calculated the productivity
of the catalysts as moloquct g ' h! and the results were
interpreted using this parameter consider as g, the entire mass
of the components exhibiting catalytic activity (Ni, Ce, Sn and
Au) (see Table 2 and 3). However, for comparison TOF values
were calculated for the catalysts containing gold, considering
only the contribution of Au.

Blank experiments were performed in the same
experimental set-up and the same range of temperatures (75°C -
115°C) using an amount of 18.2 mmoles benzylamine, 0.12
moles methanol, as solvent and a pressure of 5 bar O,. In order
to support the reaction mechanism additional experiments were
carried out in the range of O, pressure of 1-5 bars, and
experiments in which benzaldehyde was added to the reaction
mixtures in the different stages of the reaction. In this respect
benzylamine-to-benzaldehyde molar ratios between 5 and 1
were considered. Water has been also introduced in separate
experiments in volumes of 1-20 pL using a chromatographic
syringe.

To check the effect of water experiments with dried
methanol from (Sigma-Aldrich, puriss.pa.), benzylamine (dried
with 3 A molecular sieves), and O, (passed on a 3 A molecular
sieves column) have been carried out too..

3. Results and discussion

3.1. Characterization

Tables 1-3 compile the analytic and textural
characterization of the investigated samples. Regarding to the
gold-free Ce(Sn),-Ni,-UVM-7 mesoporous supports,
summarized in Table 1 are the corresponding Si/Ni, Si/Ce and
Si/Sn molar ratio values (averaged from data of about 50
different particles) of the resulting solids from EPMA and ICP-
OES. All samples are chemically homogeneous at micrometric
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level with a regular dispersion of Ni, Ce and Sn species (and
silicon) throughout the inorganic walls at the spot size (ca.
Ipm). EPMA shows that the reported Ce(Sn),-Ni,-UVM-7
materials contain Si/Ce or Si/Sn molar ratios similar to those
present in the mother solutions. This fact indicates that, in
general, there is no preferential incorporation of Ce (or Sn) or
Si into the porous solid walls. This behavior is related to the
low solubility of Ce or Sn species under the working pH
conditions,** and the consequently quick and easy formation of
the respective oxides. On the contrary, the Ni content in the
final solids is significantly lower than that present in the
starting solutions. This fact could be tentatively attributed to the
well-known affinity of nickel for nitrogen donors. It must be
pointed out that, in aqueous solution TEA essentially behaves
as a tertiary amine, and a certain nickel amount could be
stabilized in solution in the form of Ni-TEA complexes. A
similar tendency was observed in the case of Co-MCM-41
derivatives.*’

All supports display low-angle XRD patterns with one
strong peak and one broad signal of relatively low intensity
(Fig. SI1), that can be associated to the (100) and the
overlapped (110) and (200) reflections of a MCM-41-like
hexagonal cell, respectively. These patterns are characteristic of
hexagonal disordered UVM-7 mesoporous silicas. The
observed regular and smooth shift of the (100) intense peak
towards low 20(°) values as the heteroelement content increases
suggests a certain growing process of the mesoporous wall
sizes due to the incorporation (completely embedded or
partially trapped) of the NiO,, CeO, and SnO, nanodomains (as
can be see below, the BJH pore sizes result practically
unchanged). High-angle XRD patterns (Fig. SI2 and SI3) show
appreciable differences dealing with the incorporation of the
three heteroelements. Regardless the Ni, Ce or Sn content, no
signals assigned to NiO, oxides appears in the diffractograms.
This is consistent with a good dispersion of Ni along the porous
walls in the form of extremely low size nanodomains (<2 nm)
as occurs for the incorporation of Co and Zn under similar
conditions.*> *® On the contrary, even for the samples with
lower Ce amount, we unambiguously observe several
diffraction peaks due to the presence of crystalline CeO,
particles. The intensity of these peaks increases while the fiwhm
decreases with the Ce content, as expected. This behavior is
consistent with the high insolubility of ceria. Then, before
blocking by the silica-surfactant mesostructure, the growing
achieved by CeO, domains seems to be higher than those
achieved for the NiO, ones. An intermediate situation is
observed for the tin incorporation. In this case, only for the Sn-
rich supports SnO, diffraction peaks are appreciated. The low
intensity and large fwhm of the SnO, peaks are indicative of
very small crystallite sizes.

TEM images allow discarding segregation of non-porous
oxides (NiO,, CeO, or SnO,) in the form of large particles
(Fig.1). Images of medium magnification confirm the absence
of non-porous particles that could be ascribed to Ni, Sn or Ce
oxide. In fact, TEM images of the Ce(Sn),-Ni,-UVM-7
supports (Fig. SI4 and 1) are very similar to those of pure
UVM-7 silica and confirm that two pore systems are present:
intraparticle mesopores (white spots in the TEM images; insets
of Fig. SI4 and 1) and large inter-particle pores of textural-type.
Changes in Ni content do not affect the UVM-7 morphology.
Then, in the case of Ni,-UVM-7 supports (free Ce or Sn
samples) the TEM images are practically indistinguishable
from those of UVM-7 silica. As the Ce or Sn content increased,
although the UVM-7 morphology is preserved, we observe two

4| J. Name., 2012, 00, 1-3
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effects that principally affect the textural porosity: (a) a wider
size distribution in the primary silica-based particles, and (b) a
higher interparticle condensation (this favoring aggregation),
when compared to pure UVM-7 or Ni,-UVM-7 supports.

On the other hand, the above-mentioned absence of large-
scale NiO,, SnO, or CeO, segregation suggests that these
particles must be basically present in the form of small
nanodomains partially embedded inside the silica-based pore
walls. TEM images display numerous small black spots with
spherical or pseudo-spherical shapes with dimensions in the 2-7
nm range. Then, although a small segregation in the form of
micrometric particles cannot be completely discarded (overcoat
in the case of CeO,), TEM micrographs are consistent with a
homogeneous nano-dispersion of Ni, Sn and Ce oxidic domains
forming together with the amorphous silica mesopore walls.

Fig. 1. TEM images of (a) Ceo-Nijo-UVM-7, (b) Ces-Nijo-UVM-7, (c)
SI’I]()—Ni]o—UVM—7 and (d) Sn60—Ni10—UVM—7.

This journal is © The Royal Society of Chemistry 2012
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Table 1. Analytical and textural data for the Ce(Sn),-Ni,-UVM-7 mesoporous supports.

Mesopore Large pore
Sample Si/Ni* Si/M? Si/NiP Si/M° Sger (M%/g) . Vol.° Size! Vol
Size® (nm) 5 s
(em’/g) (nm) (em’/g)

Nig-UVM-7 60 - 78 - 1195 2.95 0.99 56.2 1.51
Niz;-UVM-7 30 - 55 - 1061 2.92 0.99 53.3 0.88
Nij;-UVM-7 10 - 42 - 1011 2.90 0.98 41.3 0..63
Ceg0-Nijo-UVM-7 10 60 43 62 990 3.00 0.88 48.1 0.30
Ces30-Nijo-UVM-7 10 30 44 38 983 2.97 0.83 43.9 0.29
Ceo-Niji-UVM-7 10 10 42 16 850 3.01 0.71 41.5 0.21
Sneo-Nijo-UVM-7 10 60 46 64 972 3.00 0.92 42.0 0.38
Sn30-Nijo-UVM-7 10 30 43 24 932 2.98 0.82 39.1 0.35
Sno-Nijo-UVM-7 10 10 42 8 755 2.68 0.65 32.2 0.33

“Si/Ni, Si/Ce and Si/Sn molar ratio in the mother liquor. M= Ce or Sn. bSi/Ni, Si/Ce and Si/Sn molar ratio values in the solids from EPMA and
ICP-OES. M= Ce or Sn. “Mesopore volume values and mesopore diameters calculated by using the BJH model on the adsorption branch of the
isotherms for P/P, < 0.75. “Large textural-type pore volume values and diameters calculated by using the BJH model on the adsorption branch of
the isotherms for P/Py > 0.75.

Table 2. Analytical and textural data for the Au/Ce,-Ni,-UVM-7 mesoporous catalysts.

. Mesopore Large pore

Sample Si/Ni* Si/Ce? Au® (Wt.%) Gold Sger (M*/g) .y Vol.4 Size®  Vol.°

(nm) Size® (nm) 3 5

(em’/g) (mm)  (cm’/g)

Au/Ni;-UVM-7(200) 42 - 0.96 4.0+1.3 653 2.5 0.62 47.6 0.36
Au/Cesp-Nij)-UVM-7(200) 47 67 0.97 3.9+1.2 566 2.5 0.56 49.3 0.35
Au/Cesp-Nij;-UVM-7(200) 44 38 1.05 42+1.4 518 2.6 0.52 48.6 0.18
Au/Ce¢-Nij)-UVM-7(200) 42 16 1.20 4.3+1.2 455 2.6 0.45 40.4 0.26
Au/Ni;,-UVM-7(500) 42 - 0.96 4.4+1.3 603 2.4 0.47 36.1 0.33
Au/Ceg-Nijp-UVM-7(500) 47 67 0.97 4.3£1.5 473 24 0.45 43.2 0.26
Au/Cesp-Nijp-UVM-7(500) 44 38 1.05 5.1+1.7 484 2.4 0.40 40.5 0.23
Au/Ce;p-Nijp-UVM-7(500) 42 16 1.20 4.9£1.6 470 24 0.40 38.0 0.17

“Si/Ni and Si/Ce molar ratio values in the solids from EPMA and ICP-OES. “Percentage weight of gold determined by atomic absorption. ‘Gold
particle size determined through HAADF. “Mesopore volume values and mesopore diameters calculated by using the BJH model on the adsorption
branch of the isotherms for P/Py < 0.75. ‘Large textural-type pore volume values and diameters calculated by using the BJH model on the
adsorption branch of the isotherms for P/Py > 0.75.

Table 3. Analytical and textural data for the Au/Sn,-Ni,-UVM-7 mesoporous catalysts.

. Mesopore Large pore

Sample Si/Ni* Si/Sn* AuP (wt.%) Gold Sger (M%/g) . Vol.* Size! Vol

(nm) Size® (nm) 3 3

(em’/g) (nm)  (em’/g)

Au/Sngp-Ni-UVM-7(200) 47 64 1.22 4.5+1.5 712 2.6 0.67 48.4 0.39
Au/Sn;3p-Ni;-UVM-7(200) 43 24 1.15 4.8+1.5 675 2.7 0.63 46.6 0.48
Au/Sn;o-Ni;,-UVM-7(200) 42 8 1.10 49+1.4 628 2.6 0.54 42.0 0.41
Au/Sngp-Ni;-UVM-7(500) 46 64 0.98 5.5+¢1.6 592 24 0.58 43.9 0.33
Au/Sn;3p-Ni;-UVM-7(500) 43 24 1.15 5.3+1.5 654 2.5 0.54 42.3 0.38
Au/Sn;o-Ni;,-UVM-7(500) 42 8 1.10 5.3+1.5 561 2.5 0.52 41.8 0.39

“Si/Ni and Si/Sn molar ratio values in the solids from EPMA and ICP-OES. “Percentage weight of gold determined by atomic absorption. “Gold
particle size determined through HAADF. “Mesopore volume values and mesopore diameters calculated by using the BJH model on the adsorption
branch of the isotherms for P/Py < 0.75. “Large textural-type pore volume values and diameters calculated by using the BJH model on the
adsorption branch of the isotherms for P/Py > 0.75.
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The preservation of a certain bimodal porosity of our
supports is further illustrated by N, adsorption-desorption
isotherms (Fig. SI5). All curves show, a well-defined
adsorption step at intermediate relative pressure (0.2 < P/P, <
0.4 range; corresponding to the filling of the intra-particle
mesopores), and a second adsorption step, at a high relative
pressure, due to the filling of the inter-particle large textural
pores. The progressive reduction of this second adsorption step
with the Ce and Sn content is related to the previously
mentioned enhanced inter-particle condensation (with the
subsequent decrease in the interparticle voids). As the
heteroelement content increases, BET surface area and pore
volume slightly decrease in a progressive way (see Table 1). On
the other hand, the progressive incorporation of heteroelements
practically does not affect the mesopore size of the final
materials. Then, in the light of the results, all samples can really
be considered as high surface area materials without significant
pore blocking associated to the incorporation of oxidic
nanoparticles.

Gold was incorporated through deposition precipitation in
aqueous HAuCl,;3H,0 solutions (2 %) using strictly the same
protocol for all supports. In all cases, a similar proportion of
inorganic anchors in the form of NiO, domains exists (Si/Ni
molar ratios in the 42-47 range) (Tables 2 and 3). The amount
of gold incorporated increases in a gradual way from 0.96 to
1.20 (wt.%) with the Ce content. On the contrary, no clear
evolution is observed dealing with the Sn containing materials.
This behavior is probably due to the different zpc of CeO, (6.7-
8.6) and SnO, (4.5-5). At the working pH (ca. 8-9), while a
negative charge is expected for the SnO, surface, some residual
positive charge will remains for the CeO, one. Then, as
mentioned above, CeO, domains cooperate with NiO, (zpc in
the 10.3-11.1 range depending on the hydroxylation surface
degree) acting both as effective anchors to interact with
Au(OH), anionic species. We have measured zpc values of 2.4,
2.7 and 2.9 for UVM-7, Ni;;-UVM-7 and Ceg)-Ni;(-UVM-7
supports, respectively. We observe an increase of the zpc value
due to the presence of Ni and Ce as heteroelements. However,
as the silica is the principal component in our composites, the
presence of a relatively low proportion of NiO, and/or CeO,
domains does not modify significantly the experimental zpc
values. In any case, a certain local effect related to the zpc
values of the different included oxides seems to be operative,
which favor the adsorption of anionic gold complexes. On the
other hand, the EDX analysis performed on the gold-containing
catalysts allow us to discard the presence of Cl” species which
is consistent with the exhaustive washing mentioned above.

The treatment for gold incorporation does not alter in a
qualitative way the UVM-7-like architecture at mesoscopic
level. In fact, with the exception of the richest Sn material
treated at 500°C, all Au/Ce(Sn),-Ni,-UVM-7 catalysts display
low-angle XRD patterns (Fig. 3) with a signal or a shoulder
associated with the (100) reflection. As observed in related
systems, the intensity decrease of the (100) peak after gold
inclusion must be attributed to a high phase-cancellation
phenomenon associated with the introduction of scattering
material (Au species) into the pore voids. The high-angle XRD
patterns maintain the CeO, and SnO, peaks of the parent
supports, but surprisingly, no signals attributed to metallic gold
are observed (Fig. SI1 and SI2) regardless of the calcination
temperatures used (200 or 500°C). This fact is indicative of an
extremely low particle size (< 5 nm) on the NiO, or CeO,
domains. The absence of XRD peaks associated with gold
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particles also has been reported for Au/CeO, catalysts having
very small Au crystalline domains and/or low gold
concentration (< 1wt. %).*

(i) (ii)
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Fig. 2. Low-angle XRD patterns of the gold-containing catalysts
processed at (i) 200°C and (ii) 500°C. (a) Au/Ceqs-Nijo-UVM-7, (b)
Au/Ce30-Ni10-UVM-7, (C) Au/Cem-Nilo-UVM-7, (d) Au/Sn(,o-Nilo-
UVM-7, (e) Au/Sn3-Niji-UVM-7 and (f) Au/Sn;o-Nij;-UVM-7.

According to the XRD analysis, Au/Ce,-Ni,-UVM-7
catalysts show similar TEM images of those of the parent gold-
free Ce(Sn),-Ni,-UVM-7 supports (Fig. 4 and 5). Apparently,
there is no clear evidence on the gold incorporation from TEM
images. At this point, only a low amount of white spots,
probably ascribed to the largest gold particles, are detected by
TEM. However, together with the chemical analysis, XEDS
mapping supports not only the gold presence, but also the
quality of the gold, nickel and ceria spatial distribution
achieved in our catalysts treated at 200°C (Fig. 3 and 4). A
certain aggregation of Au and Ce(or Sn) is suggested by XEDS
mapping carried out on samples calcined at 500°C, as expected.

At this point, we record STEM-HAADF images of the gold-
containing catalysts in order to achieve higher contrast between
the gold nanoparticles and the silica-based support. Gold
particles (white dots) are fairly uniformly distributed over the
support (gray regions) (Fig. 5). Similar gold particle sizes (see
Tables 2 and 3) and distributions have been obtained for
Au/Cey-Ni,-UVM-7 and Au/Sny-Ni,-UVM-7 catalysts. The
majority gold particles show an average size in the 3-5 nm
range according to the particle size distribution histograms (Fig.
5). Moreover, a certain proportion of particles in the 5-7 nm
range and even larger (ca. 20 nm) minority gold domains
(according to TEM images in Figures 3 and 4) can be observed
in the samples heated at 500°C. This last behavior with
temperature calcination is observed for all analyzed materials.
Then, slightly larger mean particle sizes have been measured
for samples treated at 500°C when compared to catalysts
processed at 200°C. On the other hand, HRTEM allows us to
detect individual gold crystalline nanoparticles in the solids
processed at 500°C (Fig. 6). These particles show a d spacing of
0.23 nm, typical of fcc Au,*® measured on the image and
confirmed through the FFT process. An average gold
nanoparticle size in the 3-7 nm range has been determined
through HRTEM. TEM analysis of Au-CeO, and Au-UVM-7
catalysts indicated larger gold particles, ie 5-11 nm.** ** This

This journal is © The Royal Society of Chemistry 2012
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small size of the gold domains is consistent with the absence of
XRD signals as discussed above.

Fig. 3. TEM and XEDS mapping of Au/Ce;o-Nij)-UVM-7 catalyst
treated at (a) 200°C and (b) 500°C.

Fig. 4. TEM and XEDS mapping of Au/Sn;o-Nij;-UVM-7 catalyst
treated at 500°C.

The mesophase and porosity preservation after gold
incorporation is further supported by N,-adsorption—desorption
isotherms (Fig. 7 and 9). Regardless the calcination
temperature, all solids maintain the two adsorption steps
reminiscent of the UVM-7 silica (though somewhat lower). The
BJH pore size distributions show a first peak at mesopore sizes
in the 2-3 nm range and a second signal without a definite
maximum (large textural pores) (Fig. SI5-8). These features
indicate that the simultaneous incorporation of Ni and Ce(or
Sn) together with the pH conditions used for the gold
incorporation favor the interparticle condensation through the
formation of Si-O-Si, Si-O-M and M-O-M bonds (M= Ni, Ce or
Sn). Moreover, we observe a decrease in the adsorption
capacity at high pressure for samples treated at 500°C. This
suggests that additional inter-particle condensation is favored at
higher temperature, as expected. In any case, all catalysts
present high surface areas and pore volumes (Tables 2 and 3).
In each series, the BET area and pore volume values slightly
decrease with the Ce or Sn content (the nickel content can be

This journal is © The Royal Society of Chemistry 2012
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considered as constant: 42 < Si/Ni < 47). This effect is more
pronounced in the case of the Ce-containing catalysts, and
could be tentatively attributed to the relatively greater size of
the CeO, domains when compared to the SnO, (according to
XRD). Obviously, the gold incorporation leads to a significant
BET area and pore volume decrease when compared to those
parameters of the respective parent gold-free supports. Finally,
dealing with the mesopore size, no significant changes are
observed for each family. This is an expected behavior as no
appreciable mesopore size changes were previously observed
for the gold-free supports with the Ni, Ce and Sn content.
However, two general tendencies can be mentioned: (a) BJH
mesopore sizes decreases from ca. 3 to 2.5 nm after gold
incorporation (due the inclusion of Au species inside the
mesopores), and (b) an additional pore size decrease from ca.
2.5 to 2.3-2.4 nm occurs when samples were processed at
500°C (this effect seems to be related with silica condensation
processes).

6 8 10 12 14 16 18 20
Particle size / nm

8 10 12 14 16 18 20
Particle size / nm

Fig. 5. STEM-HAADF images and gold particle size distribution
histrograms of Au/Ceg-Ni;-UVM-7 catalyst (a) treated at 200°C, and
(b) treated at 500°C.

Fig. 6. HRTEM images of (a) Au/Ce;-Nij(-UVM-7 and (b)
Au/Sn;p-Nij(-UVM-7 catalysts treated at 500°C and showing
isolated gold nanoparticles.
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Fig. 8. XPS spectra of Au/Ce;o-Nijo-UVM-7(200) and Au/Ce;o-Nijo-
UVM-7(500) samples in the region of Au 4f level.

XPS spectra corresponding to fresh and tested Au/Cego-
Ni;(-UVM-7(200) and Au/Ces-Nijo-UVM-7(500) catalysts are
presented in Figures 8-10. In addition Table 4 compiles the
binding energies of Au4f, Ce3d, Ni2p3/2, Ols and Nls levels
for the series of Ni-, Au-Ni-, Ce-Ni- and Au-Ce-Ni- catalysts.
Typically, the main components of Au 4f7/2 peaks
corresponding to the presence of gold in metallic state are
centered at binding energies around 84.2 eV,*' while higher
than 84.5 eV indicate the presence of the electropositively
charged Au states. Although the signal-to-noise ratio is very
low due the very small content and high dispersion of gold, the
binding energies measured in Figure 10 denote for the
investigated catalysts, according to the literature data, only the
presence of oxidized Au species (Table 4).* For the spent
samples no evident change occurred in the oxidation state of
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gold. However, the very low signal-to-noise ratio does not
allow a comparison of the atomic XPS and analytic Au/Si ratios
as a function of the catalysts composition or of the calcination
temperature

5800 — Ni 2p
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o
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Fig. 9. XPS spectra of Au/Celo-Nilo-UVM-7(200) and Au/Celo-Nilo-
UVM-7(500) samples in the region of Ce 3d and Ni 2p levels.
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Fig. 10 XPS spectra OfAu/Ce()o-Nilo-UVM-7(200) and Au/Ce()o-Nilo-
UVM-7(500) samples in the region of O 1s level.
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Table 4. XPS binding energies of Au4f, Ce3d, Ni2p3/2, Ols and N1s levels and composition for Niy-, Niy-Cey-, and Au-Ni,-Ce,-UVM-7 catalysts.

Catalyst XPS level Binding energy, eV Atomic Au/Si ratio x 10°
Audf;), Ce3ds,/ Ce3ds), shake up Ni2ps» Ols Nls XPS Analytic
Nigo-" - - 852.5 5293 - - -
Nizo- - - 852.4 529.2 - - -
Nijp-" - - 852.3 529.4 - - -
Cego-Nijo-" - 882.4/916.1 852.4 529.5 - - -
Ces0-Nijo-" - 881.9/915.6 852.3 529.4 - - -
Ceyo-Nijo-" - 882.1/915.8 852.4 5293 - - -
Au/Ni,p-" 86.0 - 852.5 529.4 - 3.4 3.1
Au/Ceg)-Nijo-" 86.1 882.3/916.0 852.5 529.5 - 35 32
Au/Cego-Nijp-""" 86.2 882.5/916.2 853.7 533.1 - 35 32
Au/Ces3)-Nijo-" 86.1 882.2/915.9 852.6 5293 - 3.8 3.6
Au/Ceo-Nijo-" 86.2 882.3/916.0 852.6 5292 - 43 45
Au/Nij-" 86.1 - 853.8 533.2 - 3.9 3.1
Au/Ceg-Nijo-" 86.2 882.3/916.0 853.9 5333 - 4.0 32
Au/Ces3-Nijo-" 86.1 882.4/916.1 853.8 5332 - 43 3.6
Au/Ce;o-Nijo-~ 86.1 882.2/915.9 853.8 533.2 - 5.02 45

Hxk

"_calcined at 200 °C; -calcined at 500 °C; *"-calcined at 200 °C after reaction

Table 5. Performances of the multicomponent catalysts in aerobic oxidative condensation of benzylamine to N-benzylidenbenzilimine.

. Productivity TOF 4h
Conversion (%) L o
Entry Catalyst Selectivity (%) (MOlproguct Seat” h)
75°C 115°C 75°C 115°C 115°C
1 Blank experiment” 4.8 6.1 87**
2 Nijo-UVM-7 7.4 9.2 100 2.12 2.64
3 Niz-UVM-7 6.9 8.6 100 1.40 1.75
4 Nig-UVM-7 6.2 7.4 100 0.96 1.15
5 CeO> 5.6 - 100 0.03 -
6 Cego-Nijo-UVM-7 43.6 47.5 100 2.81 3.05
7 Ces0-Nijo-UVM-7 41.6 46.9 100 1.61 1.82
8 Ce10-Nijo-UVM-7 39.8 439 100 1.04 1.15
9 Sneo-Nijo-UVM-7 16.2 22.7 100 1.17 1.64
10 Sn30-Nijo-UVM-7 15.8 20.9 100 0.60 0.80
11 Snjo-Nijo-UVM-7 14.8 20.0 100 0.26 0.35
12 Au/Ni; ,-UVM-7(200) 30.1 41.8 100 3.52 4.89
13 Au/Ni; ,-UVM-7(500) 28.8 39.4 100 3.37 4.61
14 Au-UVM-7 49 6.5 100 2.10 2.78 456
15 Au-CeO, 18.5 23.7 100 2.08 2.67 458
16 Au/Ceg-Ni;o-UVM-7(200) 71.5 99.4 100 4.04 5.62 919
17 Au/Ce;0-Ni;(-UVM-7(200) 65.4 94.2 100 2.33 3.36 805
18 Au/Ce;o-Ni;(-UVM-7(200) 62.0 88.7 100 1.51 2.16 662
19 Au/Cego-Ni;o-UVM-7(500) 58.7 81.6 100 3.31 4.61 754
20 Au/Ce;0-Ni;(-UVM-7(500) 55.6 76.2 100 1.98 2.72 651
21 Au/Ce;o-Ni;(-UVM-7(500) 51.1 71.5 100 1.24 1.74 534
22 Au/Sneo-Nij-UVM-7(200) 472 59.2 100 2.86 3.59 435
23 Au/Sn30-Nij-UVM-7(200) 447 54.7 100 1.55 1.90 426
24 Au/Sn;o-Nijo-UVM-7(200) 41.7 53.5 100 0.70 0.90 435
25 Au/Sneo-Nijo-UVM-7(500) 44.1 58.4 100 2.67 3.54 429
26 Au/Sn30-Nijo-UVM-7(500) 41.2 53.4 100 1.43 1.85 416
27 Au/Sn;o-Nijp-UVM-7(500) 39.8 50.5 100 0.67 0.85 411

Reaction time: 4h; "-24h; “*-secondary product : benzaldehyde.
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The calcination at 500 °C and the exposure to reaction also
caused an oxidation of nickel as it has been evidenced from the
values of the Ni2p;/, and 2p,,, energy levels for the investigated
catalysts (Figure 9, Table 4).°° These values demonstrate that
for nickel both the thermal treatment and especially the
exposure to the reaction led to an oxidation of the metal (for
Au/Cegp-Nij(-UVM-7(200): BE of 852.5 and 858.4 eV, for
Au/Cegp-Ni;(-UVM-7(500): BE of 853.9 and 859.8 ¢V, and for
the spent Au/Cego-Nijp-UVM-7(200): BE of 853.7 and 859.7
eV. A certain aggregation is also suggested by Figure 9 for Ni.
Also, an important shift of the binding energy was determined
for the O 1s level after reaction (for Au/Cegy-Nij(-UVM-
7(200): BE of 529.5 eV, for Au/Ces-Ni;p-UVM-7(500): BE of
529.3 eV, and for the spent Au/Ceqy-Nijp-UVM-7(200): BE of
533.1 eV) (Figure 10). This indicates that an evolution occurs
in the surface oxygen species during the catalytic process from
lattice to electrophilic oxygen (O", Oy) probably related to the
formation of metal-OH bonds and the generation of anionic
defects in the oxygen lattices.’" ** This evolution is consistent
with the catalyst nature (amorphous and easily hydroxilated
silica-based walls, and cerium oxide domains able to cycle
easily between Ce’* and Ce*" with the subsequent oxygen
transport) and the catalytic process (benzylamine oxidation). In
addition, for the spent catalyst no band assigned to N 1s was
detected. No change in the position and the intensity of the
bands assigned to Ce 3d (Figure 9, Table 4) or Si 2p (for
Au/Ceﬁo-Nilo-UVM-7(200): BE of 103.4 CV, for Au/Ceﬁo-Nilo-
UVM-7(500): BE of 103.6eV, and for the spent Au/Cegy-Nijo-
UVM-7(200): BE of 103.5 eV) was detected in these
measurements. Obviously, the presence of the peak in the
region 913 eV or at higher energies is a proof for the presence
of Ce*' species.’® Replacing cerium by tin or compositional
changes does not alter the tendencies observed for the XPS
spectra of Au/Ceg-Nijo-UVM-7 catalysts.

3.2. Catalytic tests

Previous work of Corma and Garcia®® using gold supported
on various supports demonstrated that while the selectivity was
almost not influenced by the metal loading that implicitly
meant particle size, the conversion of benzylamine to the
desired imine was strongly influenced. In the series these
authors have been investigated the nature of the support was
less important.

Although in a small extent, blank experiments showed this
reaction proceeds, indeed with the formation of a secondary
product (benzaldehyde), even in the absence of the catalyst
(Table 4, entry 1). Metal-free oxidation of benzyl amines to
imines was also recently reported working with oxygen®* or
with hydrogen peroxide.” Like in our case the selectivity to
imine was partial. A very similar result was obtaining using
pure siliceous UVM-7 support. CeO, oxide led to a very small
conversion and productivity, but again the reaction occurred
selectively to imine (Table 5).

Previous reports working with gold indicated that for this
reaction the support nature has a relatively low influence, more
important being the size of the metal particles.” Here we have
firstly compared the activity of a Au-UVM-7 catalyst (Table 5,
entry 14) with that of a supported Au/CeO, (Table 5, entry 15),
the first one prepared by embedding Au colloids, and the
second by impregnation of a cerium oxide support. Both
catalysts exhibited comparative gold particle sizes (4 nm). Data
presented in the Table 5 (entries 14 and 15) showed that the two
catalysts had comparable productivities. Hence, the relatively
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small influence of the support nature was indeed re-confirmed
for single oxide supports like CeO,, SiO,.

The experiments carried out in the presence of the new
multicomponent catalysts also led selectively to N-
benzylidenbenzylamine. However, important differences in the
activity expressed as productivity were determined as a
function of the composition (Table 5).

In order to verify the role played by the different
included/deposited heteroelements, we have studied the
catalytic behavior in a sequential way from mono- to
multicomponent (Ce, Sn, Ni) containing materials to catalysts
in which these materials served as supports for gold. As
mentioned the results were presented in terms of productivity.
Data compiled in the Table 5 were collected after 4h reaction
and the reason was to compare at the same reaction time
catalysts with different activities. It is important to mention that
i) all the presented data were collected before the conversion
reached a plateau, ii) the reaction was not affected by mass
transfer limitations in these experiments as confirmed by
Koros-Novak criterion (slope In 1/ In £, close to 1), and iii)
productivities calculated at very short reaction times (less than
10 min) had the same values with those presented in Table 5.

Nickel oxide entrapped in the UVM-7 structure presented
productivities in the range 0.96 — 2.12 mol,quct gca{l h'lat 75
°C and 1.15 — 2.64 at 115 °C showing a linear dependence with
the nickel content. The addition of the second heteroelement led
to a different behavior. Thus, the addition of tin oxide caused a
decrease in the productivities (Table 5, entries 9-11), while
cerium oxide induced an increase of the productivities to 40%
(Table 5, entries 6-8).

As compared to Nij(-UVM-7, Ce,-Nij;-UVM-7 or Sn,-
Nij(-UVM-7 the addition of gold led to an increase of the
productivity irrespective of the nature of the support (Table 5,
entries 12-14 and 16-27) that is in a full agreement with
previous reported data on the role of gold in this reaction.* ' 2"
7 However, the increase was more evident when the supports
contain Ni or a combination of the Ce and Ni as heteroelements
(Table 5, entries 12-13 and 16-21). Thus, in the case of the
Au/Cegy-Ni;-UVM-7(200) catalyst the productivity was of
4.04 and 5.62 molyayct gca{l h'at 75 and 115 °C, respectively.
Such a catalyst corresponds to a Si/Ce ratio of 60 and Si/Ni
ratio of 10. These results may account for a more advanced
interaction of gold with nickel. More evident arguments that the
direct interactions Au/Ni are beneficial are provided by the
Au/Nij;-UVM-7(200) catalyst. It was almost as active as the
Au/Cegy-Ni;-UVM-7(200) catalyst (Table 5). Changes in the
activity with the atomic ratios of the constitutive elements may
also support this affirmation. Thus, higher loadings of Ce or Sn
led to a decrease of productivity, showing a less effective
interaction with gold.

Since the deposition of gold onto UVM-7 including
different heteroelements took place in an alkaline solution
followed by a calcination step at 200 or 500 °C, these materials
were separately treated following the same procedure in order
to determine if such a treatment may exhibit an influence on the
catalytic behavior. However, the experiments indicated no real
differences between pre-calcined and non-calcined materials.
But the calcination of the Au containing catalysts at 500°C
corresponded to a decrease in the productivity irrespective of
the catalyst composition as compared to samples calcined at
200°C that has been correlated to the increase of the metal
particle size, typically occurring for temperatures higher than
500 °C (Tables 2 and 3).°' According to Guirrane et al.,” ** a
significant increase in the number of unsaturated gold atoms

This journal is © The Royal Society of Chemistry 2012
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(probably the active sites) must occur when decreasing the gold
crystal size.

Concluding, data presented in Table 5 indicate that for more
complex supports like multi- heterocomponent Ce(Sn),-Ni,-
UVM-7 oxides (as demonstrated by XPS) the support is not a
simple spectator. A very high surface area (typical of M4ls
materials) in addition to an improved accessibility (as occurs
for UVM-7-like silicas) can be correlated in the case of the
entrapped metal catalysts with a better dispersion of the active
species. Such a behavior has a direct influence on the
productivity of these catalysts. These data also demonstrate that
in addition to the support architecture (at mesoscale) the local
organization and nano dispersion of anchors, promoters and
catalytic sites is very important. The inclusion of inorganic
anchors and promoters must be considered as efficient
assembly tools to improve the “cooperative properties” of our
catalysts. The final effect associated with the support design
and selection of heteroelements results in a better dispersion of
gold nanoparticles. Thus, the Ce content does not significantly
affect the size of the gold nanoparticles. We have observed
similar dispersions of Ni, Ce and Au for samples with varying
amount of Ce (see TEM Figures 3-5, and comments on that).
CeO, appears to act as an inorganic anchor. The Au content
increased somewhat with that of Ce. Even changing the metal,
ie cerium with tin, does not affect the size of the gold
nanoparticles under our working conditions. However, data
presented in Table 5 show that the gold particle size is not the
only parameter of influence on the catalytic efficiency. Hence,
we observe different values of the productivity (entries 12-13
and 16-27) when the chemical composition of the support
changes (maintaining the average size for the gold domains).

The performances of the new multicomponent Au catalysts
(Table 5) are very close to those reported in the literature for
gold supported catalysts on titania’ but higher than those
reported for gold deposed on ceria.'® This is also valuable for
the reference Au-CeO, catalyst (Table 5, entry 15) and Au-
UVM-7 (Table 5, entry 14). Taking into account that the
proposed active catalytic sites for the benzylamine oxidation
are unsaturated gold atoms located at the particle corners and/or
the interphases,” > a decrease in the gold nanoparticle size
should be considered as a beneficial aspect. The average gold
particle size in our catalysts is around 4 nm for Au deposed on
Cey-Ni,-UVM-7, and 4.5-5 nm for Au deposed on Sny-Ni,-
UVM-7, this leading to high conversions for Au/Ce,-Ni,-UVM-
7 mesoporous materials. These values are in good accordance
with previous data in the bibliography on Au-TiO, solids (gold
particle size and TOF values of 3.5 nm and 70 h’,
respectively).” Then, the activities of Au-UVM-7 (TOF 456 h™")
and Au-CeO, (TOF 458 h') catalysts (entries 14 and 15 in
Table 5) must be also associated with the gold particle size
(around 4 nm). Since the XPS data do not show important
differences in the oxidation state of gold onto the different
supports, it results that, indeed, the particle size is the main
factor controlling the activity of Au in this reaction.

Figure 11 shows the variation of the conversion in time on
Ni-, Au-Ce, and Au-Ce,Ni-UVM-7 catalysts. A continuous
conversion increase in time till around 3h was observed for all
the catalysts.

Kinetic studies carried on gold powder-catalyzed reaction
by Lazar and Angelici showed that the rate of this reaction is
independent of the O, concentration/pressure.'* *® Experiments
carried out at different oxygen pressures with Au/Ceg-Nio-
UVM-7(200) and Au/Ce;¢-Ni;i-UVM-7(200) catalysts showed
an increase of the conversion till the pressure reach 5 atm

This journal is © The Royal Society of Chemistry 2012
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(Figure 12). Further increase of the oxygen pressure above 5
atm accounted to the results of Lazar and Angelici.'* 3 No
changes in the selectivity or reaction products have been
evidenced under these conditions..
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Fig. 11. The variation of the conversion in time on Ni-, Au-Ce, and Au-
Ce,Ni-UVM-7 catalysts.
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Fig. 12. Conversion of benzylamine on Au/Ceg-Ni;o-UVM-7(200) (a)
and Au/Ce;-Ni(-UVM-7(200) (b) under different pressures of oxygen
after 4h.
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Activation of molecular oxygen on gold was reported to
depend on both size and environments. Corma and the co-
workers indicated that gold nanoparticles act as a bifunctional
catalyst able to dissociate molecular oxygen on unsaturated
atoms to generate oxygen reactive species and also to activate
the organic substrate at the same time.”®' The presence of an
additional element in the close proximity of gold may also
affect the activation of oxygen. Thus, periodic density
functional theory calculations investigating the effect of doping
a gold model surface with Ni showed that this transitional
element may stabilize the adsorbate—surface interactions with a
concomitant decrease of the activation energy barriers for the
oxygen dissociation to values that are smaller than the
adsorption energies of molecular oxygen on gold.® These
findings are in line with our results showing an improvement of
the activity when gold nanoparticles were supported on Ni and
Ce oxide nanodomains partially embedded inside the
mesoporous UVM-7 silica walls. These catalysts were superior
to those supported on Sn or large loadings of Ce oxide
nanodomains inside the same mesoporous UVM-7 silica walls.

Thus, it appears that the new catalysts we proposed in this
study bring together advantages that recommend them as
effective in selective oxidation of benzylamine to N-
benzylidenbenzylamine: ie stabilized Ni and Ce oxide
nanodomains by partially embedding inside the mesoporous
UVM-7 silica walls that activate gold nanoparticles. These
particularities are in line with recent suggestions of Stowers et
al.® indicating that stabilization methods of active gold
particles may include partially coating the surface of the
material, and the use of metal oxides in interaction with the
catalyst.

On bulk gold, reports indicated that molecular oxygen can
be activated via a hydroperoxyl (OOH) intermediate produced
by abstracting a hydrogen atom from substrate or water, and the
fact that extra water molecules significantly promote the
hydrogen-transfer reactions, lowering the activation barrier of
OOH formation. On the other side, on these surfaces
molecular oxygen is suggested to dissociate to form the active
oxygen species that generates a reaction site, which selectively
activates the substrate leading to OH groups. Hydroxyls formed
on the surface rapidly disproportionate to form water.**

These achievements may confirm our results indicating that
the role of water is important in systems containing Au
particles. In addition, in our system water is also a substrate
participating in the hydration of aldimine. The addition of water
as 1-20 pL to the catalysts described in entries 12-13 and 16-27,
was found to influence the activity but without any effect on
selectivity. To check in more details the effect of water,
experiments with dried benzylamine, methanol and oxygen
have been carried out as well. Compared to the case where non-
dried reactants have been used the reaction in which dried
reactants were tested required an induction period (Table 6,
entries 1 and 7). Thus, it varied from around 30 min for
Au/Ceﬁo-Nilo-UVM-7(200) and All/CC30-Ni10-UVM-7(200) till
50 min for Au/Sn;z-Ni;(-UVM-7(500) and Au/Sn;;-Ni;(-UVM-
7(500). The supplementary addition of 10 pL water to the
reaction system caused an increase of productivity from 4.04
(Table 5, entry 16) till 4.62 mol,roduct g 7! (Table 6, entry 5)
for the Au/Ceg)-Nijop-UVM-7(200) catalyst. A similar behavior
was determined for Au/Ce;zp-Nij(-UVM-7(200) (Table 5, entry
17, and Table 6, entries 8-12).

Then, benzaldehyde was considered in many examples as a

key intermediate % The produced benzaldehyde was

12 | J. Name., 2012, 00, 1-3

suggested to react with the excess benzylamine to form
benzylidene benzylamines resulting in the final product for the
benzylamine self-coupling reactions. To confirm this behavior
we have carried out experiments on the same Au/Ceg-Nijo-
UVM-7(200) and Au/Ce;o-Nijp-UVM-7(200) catalysts by
introducing benzaldehyde in the reaction mixture. Compared to
the results presented in the Table 5, on these catalysts the
conversion was total even at 75 °C after 2h (productivities of
5.65 and 3.57 molyduc gl Nl respectively). This fact
confirms that, indeed, the addition of benzaldehyde modifies
the dynamics of the product formation. In fact, in the range of
investigated benzylamine/benzaldehyde molecular ratios (from
5:1 to 1:1), benzaldehyde was detected in the reaction product
only for the 1:1 benzylamine/benzaldehyde ratio, in 9% and
12% for samples Au/Ceg-Nij(-UVM-7(200) and Au/Ce;3o-Nijo-
UVM-7(200), respectively.

Based on the experimental evidences we collected in this
study the following reaction mechanism has been re-confirmed
(Scheme 2)."7 Although mnot detected, the oxidative
dehydrogenation of benzylamine, giving the aldimine is
assumed as a first step of reaction (Scheme 2 (1)). It may also
occur as a single-electron oxidation catalyzed by nano-gold
particles®™ deposed on Ni and Ce (or Sn) oxide nanodomains
partially embedded inside the mesoporous UVM-7 silica walls.
It occurs via the intermediate (A) that generates aldimine and
water. Then, hydrolysis of the aldimine occurs as a second step
(Scheme 2 (2)), where ammonia is released and benzaldehyde
is generated. Finally, benzaldehyde suffers a condensation with
benzylamine leading to N-benzylidenbenzylamine (Scheme 2
(3)). It is worth to note that in the presence of oxygen smaller
benzylamine/benzaldehyde ratios than 1:1 do not inhibit the
steps 1 and 2 but only increase the amount of non-reacted
benzaldehyde.

Among the elements included in the new multicomponent
catalysts gold is more favorite in this reaction as active site
because, as opposed to nickel, tin or even cerium oxides it can
easily release oxygen. XPS showed that nickel is, however,
irreversible oxidized. As shown from the productivity values
silica embedded nickel nanoxides is also a valuable catalyst. In
addition, silica embedded nickel nanoxides in connection with
silica embedded cerium nanoxides also provide excellent nano-
supports for gold. As a support to this conclusion, XPS analysis
revealed that for gold, although the thermal treatment and
exposure to the reaction determined a slight agglomeration, it
preserved its oxidation state along ten catalytic cycles.

Figure SI9 shows the evolution of the conversion for the ten
cycles for two Au/multicomponent supports catalysts. No
change in the conversion was determined under these
conditions. However, the results included in this figure were
collected from experiments performed at high conversions
which may not prove good recyclability. Therefore we
completed these tests with results collected at lower
conversions (Figure SI10). Indeed, they confirmed the
recyclability of the catalysts. This has also been confirmed by
ICP-OES analysis of the reaction products checking for Au, and
by the characterization of the catalysts using the techniques
described above. As it results from the Scheme 2, on the basis
of the analytic measurements, ammonia is a by-product of this
reaction. It is important to note that none of the investigated
catalysts has been deactivated by ammonia, and their re-use led
to similar conversions. In addition, XPS spectra of the spent
catalysts did not show the presence of nitrogen that is an
additional confirmation of the stability of these catalysts.

This journal is © The Royal Society of Chemistry 2012
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Scheme 2. Mechanism of the aerobic oxidative condensation of
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Table 6. The effect of water on performances of the multicomponent catalysts in aerobic oxidative condensation of benzylamine to N-

benzylidenbenzilimine

Entry Catalyst Additional water (uL) Conversion (%) Selectivity (%) Productivity A
(mOlproduct cat N )
1 Au/Ceg)-Nijo-UVM-7(200) dried reactants* 62.4 100 1.76
2 Au/Ces-Nij-UVM-7(200) 1.0 73.5 100 4.15
3 Au/Ces-Nij-UVM-7(200) 2.0 78.4 100 443
4 Au/Ceg-Nijp-UVM-7(200) 5.0 81.2 100 458
5 Au/Cego-Ni-UVM-7(200) 10.0 81.7 100 4.62
6 Au/Cego-Ni-UVM-7(200) 20.0 80.6 100 455
7 Au/Ces0-Ni;o-UVM-7(200) dried reactants* 532 100 0.94
8 Au/Ces0-Nijp-UVM-7(200) 1.0 68.4 100 233
9 Au/Ces0-Nij-UVM-7(200) 2.0 72.7 100 2.60
10 Au/Ce30-Nij-UVM-7(200) 5.0 75.0 100 2.68
11 Au/Ce30-Nij-UVM-7(200) 10.0 75.1 100 2.68
12 Au/Ce30-Nij-UVM-7(200) 20.0 72.8 100 2.60

Temperature 75 °C; Reaction time: 4h; "-required an induction period of 4h; " -results collected after 8h

4. General assessments

The success of the supported catalysts depended on a
variety of key parameters affecting both the support nature and
the design of the individual catalytic site. But this is not
enough, and in most cases a regular and homogeneous
distribution of the catalytic centers is required. This last aspect,
dealing with the spatial distribution at the nanoscale, must be
viewed as a collective property of the catalytic sites considered
as a whole, as has been nicely discussed in a recent paper.*?
Dealing with catalysts based on metal nanoparticles inside
mesoporous materials, in addition to a good selection of the
support, nanoparticle assembly tools are usually required in
order to tune and control the “cooperative properties” of the
nanoparticles.

While there is no doubt about the esthetic appeal of
symmetry, it was also argued that a periodic and ordered
unimodal mesoporous support could not offer specific
advantages for catalytic applications requiring an enhanced
accessibility to the active sites and easy diffusion of reagents
and products.®® Then, we have selected as support the
disordered UVM-7 porous silica, with a topology constructed
by aggregation of mesoporous primary nanoparticles defining
large inter-particle pores.*® * ¢’ This architecture leads to 3D
interconnected and tortuous mesopores having nanometric

This journal is © The Royal Society of Chemistry 2012

lengths. These features favor the accessibility to the active sites
and prevents the undesirable migration and growing of metal
nanoparticles.®”

Although mesoporous silicas could be considered as useful
supports for noble metal nanoparticles due to the expected
nanosize confinement effect, the poor affinity between silica
and noble metal precursors hinders the optimization of the
previously mentioned “collective properties” (nanoparticle size
and dispersion) and drastically restricts the catalyst working
temperature.”” In fact, thermal stability constitutes a major
drawback to any noble metal based nanomaterials. Hence, when
Hiittig and Tamman temperatures are reached, atoms at defects
and surfaces and at bulk level will become mobile.® Moreover,
these temperatures drastically drop down with the particle
size.® The usual approach to minimize this problem is to
modify the host surface with anchoring species able to interact
with gold complexes or nanoparticles. For this purpose both
organic and inorganic functional groups can be used. As
expected, an improved thermal stability is achieved with
inorganic anchors like metal oxide nanodomains. In fact noble
metal-MO, materials are good catalysts for a variety of
processes.”* *'* 7 In this work we used NiO, nanodomains
partially embedded inside the silica walls as effective and stable
inorganic anchors favoring the nucleation, growth and stability
of supported gold particles (see below). In addition to Ni, we
included in our supports Ce (or Sn) as oxide domains. Their
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incorporation inside the silica walls is supported by different
techniques: a) the absence of segregation according to XRD, b)
the preservation of the porosity (without significant pore
blocking), c) the observation of small black spots (inside the
silica-based walls) in the TEM images of Figure 2 that could be
attributed to NiOx, SnO, or CeO, nanodomains.

A multiple role seems to be played by the CeO, embedded
particles. In a similar way as NiOy, the CeO, particles could
also act as inorganic anchors depending on the specific pH
conditions during the impregnation with gold complexes (see
above). In fact, ceria is also a typical support for gold
nanoparticles.”’ Cerium oxide presents the ability to transport
oxygen in combination with the ability to cycle easily between
reduced (Ce®") and oxidized (Ce*") states.”” This behavior
benefits redox reactions as the benzylamine oxidation. Then,
CeO, could be considered as co-catalyst or promoter.
Moreover, the presence in the medium of CeO, could favor the
formation of NiO particles with smaller dimensions avoiding
undesired mesopore blocking phenomena.”” In contrast, no
similar benefits are expected in the case of SnO, included
domains. Despite these effects, the presence of nano-oxide
domains did not generate an enough strong interfacial
interaction with gold nanoparticles to hinder the particle
increase with the temperature.

5. Conclusions

The aerobic oxidative condensation of benzylamine to N-
benzylidenbenzylamine was carried out on new gold-based
catalysts using as supports bimodal UVM-7-like mesoporous
silica, containing Ni and Ce (or Sn) as oxide nanodomains
partially embedded inside the mesoporous UVM-7 silica walls.
These nano-domains acted as effective and stable inorganic
anchors favoring the nucleation, growth and stability of
supported gold particles. The versatility of the used preparative
approach allowed exploiting both the high surface and
accessibility of the mesoporous silica and also an easy and
homogeneous inclusion of heteroelements in one pot.

Aerobic oxidative condensation of benzylamine on these
catalysts occurred selectively only with the formation of N-
benzylidenbenzylamine. While the selectivity was total, the
conversion varied in a large range as a function of the catalysts
composition (chemical composition and atomic ratios of the
constitutive support elements). The catalytic behavior was
mostly controlled by the size of the gold particles. However, the
other heteroelements also have an effect as it is shown in Table
5. Changes in the values of the productivities led also to the
conclusion that the support is not a simple spectator for this
reaction.

The best results were obtained on gold deposed on the
mesoporous Nijo-UVM-7(200) as support, ie Au/Nijo-UVM-
7(200) and Au/Cegp-Nijp-UVM-7 catalysts. The comparison of
the productivities of the individual and bicomponent catalysts
led to the conclusion of a cooperative effect between the
components. However, the main active specie of these catalysts
was gold and the method used for the preparation of these
catalysts allowed an enough high dispersion of it to provide the
determined activity. The most active catalysts corresponded to
the lower Ce content and higher Ni content. TEM and XEDS
mapping measurements indicated that the dispersion of these
elements ensures the best configurations to activate the deposed
Au nano-particles. Smaller Au particle sizes corresponded to
the most active catalysts.
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None of these catalysts were deactivated by ammonia (that
is a by-product of this reaction) and the catalysts were reused
for ten times without any evident loss in the activity.
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